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Abstract Motivated by the recent growing demand in dynamically-controlled flat optics, we take advantage of a hybrid phase-change
plasmonic metasurface (MS) to effectively tailor the amplitude, phase, and polarization responses of the incident beam within
a unique structure. Such a periodic architecture exhibits two fundamental modes; pronounced counter-propagating short-range
surface plasmon polariton (SR-SPP) coupled to the Ge2Sb2Te5 (GST) alloy as the feed gap, and the propagative surface plasmon
polariton (PR-SPP) resonant modes tunneling to the GST nanostripes. By leveraging the multistate phase transition of alloy from
amorphous to the crystalline, which induces significant complex permittivity change, the interplay between such enhanced modes
can be drastically modified. Accordingly, in the intermediate phases, the proposed system experiences a coupled condition of
operational over-coupling and under-coupling regimes leading to an inherently broadband response. We wisely addressing each
gate-tunable meta-atom to achieve robust control over the reflection characteristics, wide phase agility up to 315◦ or considerable
reflectance modulation up to 60%, which facilitate a myriad of on-demand optical functionalities in the telecommunication band.
Based on the revealed underlying physics and electro-thermal effects in the GST alloy, a simple systematic approach for realization
of an electro-optically tunable multifunctional metadevice governing anomalous reflection angle control (e.g., phased array antenna),
near-perfect absorption (e.g., modulator), and polarization conversion (e.g., wave plate) is presented. As a promising alternative
to their passive counterparts, such high-speed, non-volatile MSs offer an smart paradigm for reversible, energy-efficient, and
programmable optoelectronic devices such as holograms, switches, and polarimeters.
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1. INTRODUCTION
In recent years, an increasing interest has been paid to meta-
surfaces (MSs); the planar arrays of well-patterned and op-
tically thin scatterers distinguished by the induced electric
and magnetic surface currents of their subwavelength engi-
neered resonators, which are capable of abruptly changing
the local state of light [1–8]. A reasonable dissipation loss
owing to a relatively short interaction length, the ease of
fabrication via planar lithographic processing due to the
smaller physical footprint, the amenability for implementa-
tion of tunable devices thanks to their ultrathin flat configu-
rations, and the compatibility with the widespread CMOS
technology have made MSs more appealing than bulky meta-
material counterparts for tailoring the spatial, spectral, and
temporal responses of light wavefronts in flat optics [9–16].
To date, a bulk of research has been conducted on static
MSs in which the geometry and compositions of their con-
stituents are elaborately designed for a specific functionality
that remain unchanged during the operation. However, to
efficaciously harness MSs unlimited capabilities for the real-
world applications such as adaptive optics, imaging, and
microscopy, developing reconfigurable paradigms are be-
coming indispensable. For this reason, several approaches
have been proposed in which external stimuli including
chemical reactions, heat, elastic forces, magnetic fields, op-
tical pumping, and electrostatic fields are applied to ac-
tively adjust the optical properties of MSs [17, 18]. Among
the aforementioned mechanisms, dynamic electro-optical
metadevices incorporating active functional materials such
as transition metal dichalcogenides (TMDCs), liquid crystal
(LC), graphene, phase-transition materials (PTMs), highly
doped semiconductors, and transparent conducting oxides
(TCOs) show superiority in terms of the tuning range, re-
sponse time, energy consumption, robustness, and pixel-by-
pixel reconfiguration. Nevertheless, fabrication complexities
in the realization of defectless uniform TMDCs [19], the
surface anchoring in optically thick LC-based MSs [20–25],
the highly inherent loss of graphene in the NIR and VIS
regimes [26–31], the restricted tuning range and volatility
of VO2 [32–35], and the low accessible index contrast of
doped semiconductor-based MSs [36, 37] introduce seri-
ous impediments in the realization of the maximum poten-
tial tuning. Despite the advantages of TCOs, specifically
indium tin oxide (ITO) as the most widely used one, in-
cluding ultrafast modulation speed (∼fs [38]) and tunable
electro-optical properties through the pre-/post-depositional
processes [39–44], the large unity-order index variation
is achieved at the expense of dramatic dissipative losses
within the exceptional epsilon-near-zero region restricted to
the infrared spectrum. Furthermore, their ultra-thin (∼1nm)
inhomogeneous active layer strictly degrades the reflection
efficiency, limiting their functionalities to the NIR regime.
Overall, it is worth providing a clear comparison between
the recently reported reconfigurable metadevices with dif-
ferent control mechanisms (Table S1).
Since the light-matter interaction length and time are
limited by the subwavelength pixel size of conventional
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MSs, and the quality factor of constituent resonators are
moderate, inevitably, a drastic modulation of the complex
refractive index is necessary to ensure considerable spectral
shift of geometrical resonances which guarantees the full
control over the impinging wavefronts at NIR and VIS spec-
trum ranges. Accordingly, the development of alternative
functional materials which not only afford notable refractive
index change upon excitation with external stimulus but
also provide compact, inexpensive, and scalable platforms
for high-speed and power-efficient architectures are highly
desirable.
Chalcogenide-based phase-change materials (PCMs) as
the spotlight of rewritable optical data storage disks and
electronic flash memories offer a striking portfolio of prop-
erties. Amongst them, semiconducting germanium antimony
telluride (Ge2Sb2Te5), shortly GST, has lately garnered
widespread interests in the emerging metaphotonics appli-
cations. Such an interest is due to the subwavelength scala-
bility (down to the nm size), ultrafast switching speed (pi-
cosecond or less), high switching robustness (potentially up
to 1015 cycles), power efficient non-volatility, high thermal
stability, and adaptability with the CMOS technology. More
importantly, the refractive index of GST can be selectively
controlled within the intermediate phases between two ex-
treme states, namely amorphous and crystalline, rendering
remarkedly different optical and electrical characteristics.
So far, most studies have investigated phase-change
metadevices based on tailoring the amplitude response of
incident light [45], restricting the possible functionalities
to the free space optical switching [46–52], perfect absorp-
tion [53–55], imaging [56,57], and thermal emission [58,59].
Very recently, a growing attention has been drawn to the
phase front manipulation with applications in beam steering
and beam shaping [60–64]. The major drawbacks of con-
ventional PCM-based metadevices are two fold. First, each
designed structure is only capable of tailoring a specific
wavefront dynamic (i.e., amplitude, phase, or polarization),
minimizing the beam reconfigurability potential for real-
world applications. Second, the post-fabrication modulation
relies on the focused optical pulses or bulky thermal heater,
as common time-controlled external stimuli, thus hinders
the feasibility of device integration.
Herein, we leverage the multilevel non-volatile partial
crystallization of GST and the underlying physics govern-
ing the operation of a gate-tunable meta-reflectarray (MRA)
architecture to actively control the amplitude, phase, and
polarization of an incident wavefront within a uniquely op-
timized configuration in the technologically relevant wave-
length region of 1.55 µm. Indeed, the strong localized field
enhancement provided by the excited plasmonic nanoan-
tennas along with the large accessible refractive index of
surrounding media in the view of reversible and reconfig-
urable GST material enable us to readily tailor the desired
resonance response. Then, by employing the concept of
gradient MSs consisting of an array of well-engineered, ge-
ometrically similar plasmonic/GST nanoantennas, we will
show the fully active modulation of the optical state of
impinging light over subwavelength scales both spectrally
and spatially. To validate the performance of our proposed
approach in entirely controlling the wavefront, several re-
configurable, ultra-thin, and miniaturized nanophotonic de-
vices with manifold functionalities will be demonstrated.
Finally, we perform transient thermoelectric simulations to
monitor the effect of temporal temperature change on the
ultrafast conversion mechanism of GST upon applying the
gate-voltage to the metadevice. Such a comprehensive study
gives an extensive insight for the implementation of recon-
figurable components favorable for a diverse applications in
the next generation adaptive photonics and optoelectronics
metasystems such as light detection and ranging (LiDAR),
holograms, and modulators.
2. STRUCTURE DESIGN, FUNCTIONAL
MATERIAL, AND UNDERLYING PHYSICS
Figure 1 depicts the structure of the proposed electrically
tunable MS as well as a cross section of its unit cell, namely
a meta-atom. The structure is comprised of a 1D array of
periodic gold/GST nanoantennas, which are separated by
SiO2 spacers, deposited on an optically thick gold back-
reflector. Here, the pivotal structural parameters including
the GST nanostripes height (d) and width (w) as well as the
lattice constant (p) of the array are well optimized to ob-
tain arbitrary reflection characteristics via dynamic control
over the optical properties of the structure granted by selec-
tively adjusting the crystalline phase of GST nanostripes.
To do so, nanoantennas can be connected individually or
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Figure 1: Three-dimensional illustration of the proposed
electrically reconfigurable MRA. (a) The MRA structure
consists of patterned gold ribbons on the GST nanostripes,
which are separated from each other by SiO2 spacers, de-
posited on a gold back-reflector. The whole structure is
supposed to be resided on a silicon substrate with 500 µm
thickness. The gate voltage can be applied between the
nanoantenna and the bottom gold to partially convert GST
from amorphous to the crystalline states. (b) Cross-sectional
view of the meta-atom with the periodicity of p = 550 nm.
The width and thickness of each nanoantenna are w=340
nm and t=30 nm, respectively, and the thickness of GST
nanostripes is h=180 nm.
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3as a cluster (associated with the desired functionalities) to
separate in-plane electrodes. Then, electrical gating across
the top nanoribbon and the bottom back-reflector is real-
ized to trigger the thermal annealing and melt-quenching
processes necessary for implementation of multilevel crys-
tallized states (see Methods).
The ellipsometrically measured complex permittivity
of GST in amorphous and crystalline states are shown in
Figure S1 [65]. While the large dielectric function of the
crystalline state stems from highly polarizable delocalized
resonant bonding, the lower dielectric function of the amor-
phous phase is mostly ascribed to covalent bonds [45, 66].
Transition between the two abovementioned extreme phases
is practically accomplished by an external stimulus, with
specified power for a predefined time duration, which gen-
erates localized Joule heating in the GST nanostripe (see
Methods). Accordingly, in the intermediate states, GST can
be viewed as an arbitrary spread of amorphous and crys-
talline elements [67, 68]. Among several effective-medium
theories proposed for the description of the dielectric func-
tion of heterogeneous media, we utilize the well-known
Lorentz-Lorenz relation [63] to approximate the effective
permittivity of partially crystallized GST as follows:
εe f f (λ )−1
εe f f (λ )+2
= Lc× εc(λ )−1εc(λ )+2 +(Lc−1)×
εa(λ )−1
εa(λ )+2
(1)
where for a specific wavelength, εc(λ ) and εa(λ ) are the
permittivity of crystalline and amorphous GST, respectively,
and Lc, ranging from 0 (amorphous) to 1 (crystalline), is the
crystallization fraction of the GST.
To analyze the proposed hybrid phase-change MS,
numerical simulations were conducted by finite-element
method (FEM) and finite-integral technique (FIT) with real-
istic material parameters (see Methods). Figure 2 depicts the
scattering properties of the proposed meta-atom with h=180
nm , w=340 nm, and p=550 nm assuming the GST nanos-
tripe crystallization level (Lc) varies from 0 (as-deposited)
to 100% (fully crystalline), when the structure is excited by
a normal propagative transverse magnetic (TM) polarized
light.
As shown in the reflection amplitude and phase spectra
of the MS in Figures 2(a) and (b), the MS structure has two
fundamental resonant modes, where the interaction of both
resonance modes with the incident wave is considerably
affected by changing the level of crystallization in the GST
nanostripes. Figure 2(c) and (d) show the mode profile of
the two resonant modes of the structures at the GST inter-
mediate crystallization factor L60c . As it can be seen from
the mode profiles, the long wavelength mode corresponds
to the local resonance of the lateral plasmonic Fabry-Perot´
(F-P) mode of the gold/GST nanoantenna, namely the short-
range surface plasmon polariton (SR-SPP) working in the
over-coupling regime. Also, the short wavelength mode is
the resonance of the 1D grating structure at propagating
wavevector (k=0), called propagative surface plasmon po-
lariton (PR-SPP) operating in the under-coupling condition.
Upon illumination with a transverse magnetic (TM) po-
larized light, i.e., SR-SPP, a tightly-confined slow propaga-
tive electromagnetic wave coupled to the collective electron
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Figure 2: Reflection response of the proposed tunable MS.
(a) Reflection amplitude spectra of meta-atom for several
crystallization fraction. Upon partial to ultimate conversion
of GST nanostripe, the SR-SPP (λ1) and PR-SPP (λ2) res-
onance wavelengths can be gradually tuned resulting in
different reflectivity. (b) Corresponding reflection phase
spectra of the meta-atom. The wavelength region in which
the fundamental modes of the structure communicate with
each other is highlighted with the gray color. Magnetic field
intensity profiles of the (c) SR-SPP, and (d) PR-SPP modes
excited within the cross-sectional view of the meta-atom
with L60c .
oscillations of metal, will be excited at the nanoribbon ter-
minations and begins propagating back and forth between
the two end-faces [69]. When SR-SPP experiences the trun-
cations, it partially reflects and looses a fraction of its en-
ergy to the free-space scattered field. A nanoribbon with
an appropriately chosen width can be treated as an F-P
resonator generating a constructive interference between
forward and backward traveling SR-SPP modes leading to a
highly confined, higher mode-index resonant field adjacent
to the nanoribbon. The resonance condition is given by [70]:
ωres,m =
mpi−φ(εeff)
2pi
λ0
nSR-SPP(εeff)
(2)
where nSR-SPP(εeff) is the propagative SR-SPPs mode index
provided by a metal film with the same thickness as the
nanoribbon, m is a positive integer indexing the resonance
order, and φ(εeff) is a phase change due to the reflection
at end-faces. It should be underlined that both φ(εeff) and
nSR-SPP(εeff) are functions of metal and ambient dielectric
permittivities. Although eq. 2 provides a physical insight
for explaining the resonance condition, anticipating the ex-
act position of resonant scattering is dependent on φ(εeff)
which is complicated to be evaluated, especially when the
surrounding material is dispersive and lossy. It is worth
mentioning that decreasing the gap size pushes the SR-SPP
to confine more tightly to the metal surfaces, leading to
the domination of the absorption. Meanwhile, due to the
large refractive indices of multistate GST, by decreasing the
Copyright line will be provided by the publisher
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gap size only a small portion of the incident light couples
to gap surface plasmons. As a result, the electromagnetic
field enhancement is so weak that by modifying the crys-
tallization fraction, a negligible change in the reflection
spectra is expected. To overcome this issue, the design of
GST nanostripe with an optimized height is indispensable;
Figure 2(c) demonstrates the coupling between third-order
(m=3) SR-SPPs of the gold nanoribbon and the enhanced
SR-SPPs-like mode excited on the surface of back-reflector
which results in the enhanced light-matter interaction in the
GST gap nanostripe. Here, the absorption mechanism can
be explained by the Ohmic losses in the nanoribbon and
the back-mirror as well as the energy absorbed in the GST
nanostripe itself upon multiple reflections of the standing
wave between subsequent dielectric spacers.
The origin of the second absorption dip, i.e., λ2, can be
predicted according to the grating equation:
ω
c
sin(θ)±n2pi
p
=±β (3)
where θ is the incidence angle, n is the grating diffrac-
tion order, and β is the wavenumber of the propagating
mode along the interface of the gold substrate. A simple
inspection of the symmetric mode profile in Figure 2(d)
confirms such a mode roots in the two-way propagation
of the excited SPPs (PR-SPPs) which tunnel into the GST
nanostipe. It is worth mentioning that the diffraction from
the sharp edges of individual nanoribbons can provide the
extra momentum required to generate PR-SPPs under the
normal excitation [71, 72]. Moreover, Figure 2 (c) and (d)
verifies that PR-SPPs do not have similar enhancement and
localization degree of SR-SPPs primarily because nanorib-
bons only perturb the incoming light with slightly confined
field in the GST nanostripe. In this case, the absorption
phenomenon is mostly related to the Ohmic losses of the
metallic back-reflector. In the Supplementary section, we
justify the presence of the aforementioned modes by further
investigating the evolvement of resonances upon modifica-
tion of structures geometrical parameters and the angle of
the excitation.
Considering the characteristics of two fundamental
modes, we carry out full-wave simulations to investigate
the evolution of the complex reflection coefficient represent-
ing the optical behavior of metastructures. For the sake of
brevity, we assume the MRA as a closed optical system that
limits the energy exchange through a channel. Basically, the
total reflected complex field is governed by the non-resonant
and resonant responses of the structure represented by [42]
rtot,Lc = rnon-res,Lcexp(iθnon-res,Lc)+ rres,Lcexp(iθres,Lc)
(4)
in which the subscripts Lc denotes the level of the crystalliza-
tion, non-res and res stand for non-resonant and resonant,
respectively. According to Figure 3, the non-resonant term
attributed to the direct reflection from the metallic back-
reflector is almost being intact for all levels of crystalliza-
tion, i.e., rnon-res,Lcexp(iθnon-res,Lc) ≈ −1, which is reason-
able due to the high impedance characteristic of the gold in
NIR. In other words, the reflection phase remains constant,
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Figure 3: Polar plot representation for the trajectory of the
total complex reflection coefficient with increasing the crys-
tallization level. The MRA moves form the over-coupling
condition in its near amorphous phase (bluish dots) towards
the under-coupling state in the intermediate phases (red-
dish dots), and it again enters the over-coupling regime in
crystalline-like phases (greenish dots). The non-resonant
reflection responses accommodated in the center grayish
box confirms the negligible variation of both amplitude and
phase for all crystallization levels. To compare the phase
shift between different crystallization levels, the correspond-
ing electric field profiles of resonant and non-resonant re-
flected light are illustrated. Lnc represents the crystallization
fraction of n% for the GST nanostripe of each resonator.
i.e., 180◦ owing to the non-resonant effect, which can serve
as a reference in the future study. However, changing the
crystalline state of the GST nanostripe significantly impacts
the resonant response. Figure 3 demonstrates that upon con-
version of GST from amorphous to the crystalline state,
the reflection phase evolves from 208◦ to -107◦ while the
scattering cross section first decreases and then increases.
Comparing the electric field profiles with the reference pro-
file reveals that the system is mostly in an over-coupling
state, in which the resonant response dominates the non-
resonant one, near amorphous state (bluish dots), then ap-
proaches the under-coupling regime (reddish dots), where
the non-resonant response overcomes the resonant one, and
finally comes back to the over-coupling zone (greenish dots)
when approaches the crystalline state. Such fundamental
regime exchange around the operational wavelength, i.e.,
1550 nm, due to material phase change results in a broad-
band response (see Figure 2(b)) which makes the proposed
structure unique.
3. TOWARDS IMPLEMENTATION OF A
HIGHLY RECONFIGURABLE METADEVICE
Figures 4(a) and (b) illustrate the proposed meta-atom,
which enables the control of the reflected wave phase over
a wide dynamic range of 315◦ while preserving the reflec-
tion amplitude above 15%. By selectively modifying each
Copyright line will be provided by the publisher
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Figure 4: Amplitude and phase evolution of the hybrid meta-
atom upon conversion from the amorphous to crystalline
state. (a) Normalized reflected Ex field patterns from the
MRA for the eleven crystallization levels shown in Fig-
ure 4(b). Each strip is calculated by an independent full-
wave numerical simulation under the illumination of a nor-
mally x-polarized plane wave with λ = 1550 nm. The gray
dashed line defining the wavefront verifies the achievable
total phase shift of 315◦. (b) Evolution of reflection ampli-
tude (left axis) and phase shift (right axis) as a function of
the crystallization level. Inset conceptual schematic depicts
the gradual non-volatile phase transition of GST molecules
from the amorphous to the fully crystalline.
meta-atom leveraging the tunable gate-voltage approach
(see Methods), a broad range of patterns can be imprinted
to the incident light by the MRA. Here, we are interested
in the design and realization of three types of functionali-
ties within a uniquely optimized structure in which: i) the
phase front of light is processed, e.g., beam focusing, based
on geometrical optics concepts and the generalized law of
refraction, ii) the amplitude response of the wavefront is
manipulated, e.g., switching, by using the impedance the-
ory, and iii) polarization property of the beam is tailored,
e.g., circular polarization conversion, by employing Jones
calculations. To encode the phase, amplitude, or polariza-
tion response associated with each specific functionality, we
first discretize the related transverse distribution (defined
by a unique equation) on the surface of MRA and then ex-
tract a sufficient sequence of samples. Indeed, each sample
represents the reflection value of the corresponding meta-
atom with an appropriate crystallization level chosen from
Figure 4(b). By judiciously arranging those meta-atoms in
the lateral dimension, the structure mimics the behavior of
the corresponding function. It is notable that all geometri-
cal dimensions remain unchanged throughout the paper to
highlight the effectiveness of our proposed architecture in
manipulating the incident light dynamics in the desired way
just by adjusting the external stimulus.
3.1. ON THE ACTIVE MANIPULATION OF
PHASE DISTRIBUTION
Among a plethora of optical functionalities which can be
realized via the phase-front engineering such as focusing,
steering, and holography, we focus on the design and im-
plementation of an efficient, reconfigurable, high numerical
aperture, and diffraction-limited metalens. Following the
equal optical path principle, to make a linearly polarized
light converge at a specific focal length, a spatially varying
phase shift needs to be imprinted to the impinging wavefront
along the transverse direction of the metalens. The required
quadratic phase profile follows [73]
φ(x) =
2pi
λ
[
√
f 2+ x2− f ] (5)
where f is the focal length and λ is the wavelength in the
background medium. In Figure 5(a), the theoretical phase
distribution for f = 20λ (solid blue line) is compared with
the phase profile realized in the full-wave simulation (red
circle-shaped marks). Although the discretization is lim-
ited to eleven steps (corresponding to the experimentally-
demonstrated number of crystallization levels [74]), the elec-
tric field intensity distribution in Figure 5(b, top) illustrates
that focusing occurs at a distance of 20.5λ in a very good
agreement with the analytical result. Moreover, the normal-
ized field intensity at the focal plane has the full-width at
half-maximum (FWHM) of 995 nm and numerical aperture
NA=0.65 justifying the diffraction-limited feature of the
designed lens (see Figure 5(c)). Although for such a small
size lens (≈ 35λ ), the efficiency (i.e., the ratio of reflected
power at the focal plane with lateral dimension of three
times FWHM to the reflected power from a back-reflector)
is 5.7%. It should be emphasized that a larger aperture size
results in a performance improvement due to the local pe-
riodicity effect retention. To reveal the superiority of our
proposed reconfigurable metadevice, we investigate two
more scenarios in which the focal point of metalens is con-
trolled just by carefully assigning the GST crystallization
profile. Electric field intensity profiles for metalenses with
f=10λ and f=5λ are depicted in Figures 5(b, middle) and
(b, bottom), respectively. In these designs, simulated focal
lengths are f=10.3λ (with FWHM=740 nm and NA=0.86)
and f=5.2λ (with FWHM=615 nm and NA=0.96), respec-
tively. For the sake of clarity, the realized phase profile, the
required lateral crystallization distribution, and the calcu-
lated depth of focus for the investigated lenses are illustrated
in Figure S2. All numerical simulations are in a good agree-
ment with the analytical results while negligible discrepan-
cies in the performance primarily originate from in-plane
coupling between the elements, imprecise discretization of
phase profiles, the abrupt phase shift in adjacent meta-atoms,
and the finite size of the metalenses. In the Supplementary
section, we investigated other optical functionalities, such as
phased array antenna, airy beam generator and beam splitter,
for the on demand tailoring of the phase front of light.
Copyright line will be provided by the publisher
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Figure 5: Reconfigurable metalens with diverse focal
lengths. (a) The desired (solid blue line) and realized (red
circle-shaped marks) phase discontinuities to implement a
metalens with the focal length of 20λ . (b) Calculated inten-
sity profiles of the reflected beam by the tunable metalens
in the transverse cross section for nominal focal lengths of
(top) f=20λ , (middle) f=10λ , and (bottom) f=5λ . (c) Com-
parison of the Airy disk intensity (solid black line) with the
square normalized amplitude of the electric field calculated
at the distances of f=20λ , f=10λ , and f=5λ (dashed lines).
The lateral dimension of lenses is D=100p, and dashed
horizontal lines indicate the focal plane. The impinging
linearly-polarized light wavelength is λ = 1550 nm.
3.2. CONTROL OVER THE AMPLITUDE
RESPONSE
Further study on our proposed multifunctional meta-atom
reveals that by uniformly controlling the crystallization level
of GST along the MRA, the reflectance spectra can be inde-
pendently control in a dynamic way, which enables several
applications such as switching and perfect absorption. Essen-
tially, such a freedom allows the implementation of ultra-fast
and compact optical amplitude modulators. Delving further,
the common drawback of most optical modulators is their
large intrinsic insertion loss (IL), which is the device loss in
the ON-state. On the other hand, for any modulator, the high-
est possible extinction ratio (ER), defined as the difference
in loss between the ON-state and OFF-state of the modulator,
is necessary to reduce the bit error rate [26, 75]. However,
there is a tradeoff between the IL and the attainable ER
meaning that a judiciously engineered architecture is always
preferred to make a reasonable compromise between these
parameters. In order to fulfill these criteria, we harness the
gate-tunable meta-atom working in two distinct crystalliza-
tion levels of L0c /L
60
c corresponding to the ON/OFF states,
respectively. Figure 6 illustrates that our proposed MRA
notably increases the effective figure-of-merit (FOM) and
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Figure 6: High performance behavior of the optical ampli-
tude metamodulator. (a) The IL and ER diagrams for the
proposed modulator in which ON- and OFF-states are cor-
responding to the L60c and L
0
c , respectively. (b) The FOM
and MD curves achieved from numerical simulations jus-
tify the unprecedented response of the modulator in the
telecommunication band.
modulation depth (MD) formulated as
FOM =
ER
IL
=
−10log10(|rmin(λ )|/|rmax(λ )|)
−10log10(|rmax(λ )|)
,
MD = 1− |rmin(λ )|
2
|rmax(λ )|2 (6)
where rmin(λ ) and rmax(λ ) are the reflectivity of the mod-
ulator in the ON-state and OFF-state for each wavelength,
respectively. Due to the improved IL and enhanced ER, a
significant FOM and MD are obtained over a considerable
wavelength range, verifying the high performance of our
optimized modulator. It is noteworthy that high ER, i.e.,
ER>7 dB, is preferable for most applications such as data-
rate interconnects and high-sensitivity sensing; however,
ER∼4 dB can be sufficient for specific applications such as
short-distance data transmission.
3.3. TUNING THE POLARIZATION STATE OF
INCIDENT BEAM
Finally, we leveraged the relative phase difference between
two orthogonal polarization states to realize an active opti-
cal waveplate converting an incoming arbitrarily polarized
beam to the general form of elliptically polarized light. We
consider the Jones matrix representation of the MS as
JMS =
[
a exp(iφx) 0
0 b exp(iφy)
]
(7)
where a and b are the reflection amplitudes, and φx and φy
are the reflection phases of the horizontally and vertically
polarized light, i.e., perpendicular and parallel to the grat-
ing’s direction. According to Figure 3, for all crystallization
levels b and φy can be considered 1 and pi , respectively. As
a result, reflected output fields can be calculated as[
EH,out
EV,out
]
=
[
a exp(iφx) 0
0 exp(ipi)
][
A exp(iφin)
exp(ipi)
]
=
[
aA[exp(i(φx+φin))]
1
]
(8)
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Figure 7: Active MSs for the demonstration of the polar-
ization conversion. The reflection amplitude ratio (|rx|/|ry|)
and the relative phase (φx−φy) between the two orthogo-
nally polarized light as a function of the crystallization level
versus the wavelength. Different polarization states can be
realized in the output by moving on the surface.
in which A and φin are the amplitude and phase of incident
wave, respectively. Based on the properly chosen state of
input polarization and the status of the reflected x-polarized
light, the MS generally behaves as a reflective elliptical po-
larizer. However, by satisfying particular conditions, several
interesting scenarios are expected where: 1) φx+φin = pi/2
and A= a−1 which results in the left-handed circularly po-
larized light at the output, 2) φx+φin = 3pi/2 and A= a−1
leading to right-handed circularly polarized light at the
output, and 3) φx + φin = pi or 2pi which gives rise to a
linear-polarized light at the output. Figure 7 comprehen-
sively represents the relative reflectivity (|rx|/|ry|) and the
phase difference (φx− φy) between the two orthogonally
polarized light as a function of the crystallization level over
a wide spectral range. These cases justify the strength of
our proposed MRA in engineering the polarization state
of incident light for potential applications in photography,
biosensing, and communication applications.
4. CONCLUSIONS
In summary, we have theoretically investigated the capa-
bility of an optimized hybrid plasmonic-GST architecture
in manipulating the phase, amplitude, and polarization of
incident beam both spectrally and spatially. We leveraged
the two highly confined fundamental modes, namely SR-
SPP and PR-SPP, and stark refractive index contrast granted
by the successive stages of phase-change of GST to fully
control the dynamics of light. Accordingly, we have demon-
strated a uniquely reconfigurable structure to realize diverse
optical functionalities, such as beam focusing, amplitude
modulation, and polarization conversion, just by tunning the
crystallization level of the constituent meta-atoms with the
easy-to-handle electrical gate tunning. Due to the simultane-
ously significant modulation of amplitude and phase, such
miniaturized, efficient, active, and high-speed MSs offer su-
perior platforms for realization of practical metadevices and
even metasystems necessary for the on-demand applications
such as holograms, adaptive optics, and LiDAR.
Copyright line will be provided by the publisher
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Figure S1: Dielectric function of GST. Real (blue on left
axis) and imaginary (red on right axis) parts of the permittiv-
ity for amorphous GST (a-GST, solid lines) and crystalline
GST (c-GST, dashed lines) states depending on the wave-
length. Inset shows the refractive index of for a-GST and
c-GST at the operational wavelength, i.e., λ=1550 nm.
S1. Parametric study of fundamental modes
To get a better understanding on the relation of the domi-
nant resonances with the structural parameters, a parametric
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Figure S2: The desired (solid blue line) and realized (red
circle-shaped marks) phase discontinuities to implement
metalenses with the focal lengths of (a) 10λ and (b) 5λ .
(c) The normalized intensity distribution at y=0 and corre-
sponding depth of focus (DoF) for the the investigated met-
alenses. (d) The required crystallization level distribution
along the lateral direction for three defined cases. The lateral
dimension of lenses is D=100p and dashed horizontal lines
indicate the focal plane. The impinging linearly-polarized
light wavelength is λ = 1550 nm.
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Figure S3: Dependence of the dominant SR-SPP and PR-
SPP modes on the structural parameters and excitation inci-
dence angle. 2D reflection amplitude color maps for differ-
ent (a) gold nanoribbon widths, (b) MRA lattice constants,
(c) heights of the GST nanostripe, and (d) angles of incident
beam versus the frequency.
study is conducted in which the reflectance of the proposed
MRA is investigated as a function of nanoantenna width,
lattice constant, intermediate layer height, and incidence
angle versus the frequency. Figure S3(a) illustrates upon
variation of gold nanoribbon width around the optimized
value, i.e. w=340 nm, a considerable shift happens for the
SR-SPP mode, as anticipated by eq. 2, while the second res-
onance almost remains intact. On the other hand, according
to Figure S3(b), the PR-SPP mode is highly dependent on
the structure periodicity, which was predicted by eq. 3. It
is more obvious that both modes behave similarly in case
the height of intermediate layer slight changes around the
resonance condition (see Figure S3(c)). Actually, the thick
layer not only hinders the interaction of SR-SPP mode on
the gold nanoribbon and substrate in the GST gap feed but
also disturbs the PR-SPP by weakening the light perturba-
tion. The nature of the two modes is well clarified within
Figure S3(d) which illustrates by modifying the angle of
incidence, PR-SPP is affected more than the SR-SPP mode.
S2. Phased array antenna
Phased array principle is a powerful tool to systematically
design an array of antenna realizing a complicated radiation
pattern in the far-field; that is the total far-field pattern of
the array can be calculated by multiplying the individual
element pattern and pattern of the designated array, so-called
array factor (AF), in which the elements are replaced by
isotropic radiators [76]. Figure S4 represents a uniformly
arranged, linear array of N elements which are driven by
phase shifters and attenuators in a general case. In our case,
each element is indeed a super cell which includes m (m is
integer) consecutive nanoantennae with period P organized
in the y direction. We assume that the progressive phase-shift
Copyright line will be provided by the publisher
9between two adjacent super cells is α , and the reflection
amplitude of all super cells are the same (An=A0 for n =
1,2,3, ...). Accordingly, AF for an equally spaced N-element
array antenna is given by:
AF = A0
N−1
∑
n=0
e jnψ = A0(1+ e j1ψ + e j2ψ + ...+ e j(N−1)ψ)
= A0
1− e jNψ
1− e jψ = A0e
j(N−1)ψ/2 sin(Nψ/2)
sin(ψ/2)
(9)
and the normalized AF is calculated as:
AFnormalized =
sin(Nψ/2)
Nsin(ψ/2)
(10)
which shows AF is a 2pi-periodic function with ψ =
βdsin(θ)+α , where β = 2pi/λ , and α is the key parameter
enables more potent control over scanning of the reflected
beam. For a given ψ , such a formulation allows us calculate
the maximum value of the pointing direction in terms of
the polar angle. Considering the visible region is the upper
hemisphere, i.e. 0 < θ < 180, thus the acceptable range for
ψ is: α −βd < ψ < α +βd. In our case, the progressive
phase shift is chosen α = 180, determined by crystallization
fraction of super cells, and each super cell contains m= 2,3,
or 4 similar meta-atoms which results in element spacing
of d = 2P, d = 3P, or d = 4P, respectively. Figure S4(b)
and (c) clarify a simple procedure to relate the normalized
array factor for 61 super cells as a function of ψ in cartesian
coordinates to the corresponding polar plot as a function of
θ . The intersection of vertical dashed lines and semi-circles
with radius βd (highlighted with dots) which are located
at distance α from the origin, defines the reflection angle
of the main beam, i.e., θ = sin−1[α/(βd)]. According to
Figure 4, L40c and L
80
c are the two optimal values for crystal-
lization levels providing two different dynamics with 180◦
phase difference and almost the same amplitude. As a result,
by choosing a cluster of reconfigured meta-atoms in terms
of crystallization fraction in each super cell, and arranging
these super cells in a 2D planar configuration, we can tailor
the radiation pattern of the incident beam in the desired
way. Figure S4(c) corroborates good agreement between
the angle of diffraction achieved from full-wave simulations
(represented by lobes) and the analytical results (represented
by intersection dots), based on eq. 10, for three different
configurations. From Figure S4(d), the total electric field
distribution upon excitation with a TM-polarized light at
λ=1550 nm clearly pictures the progressive phase-shift of
180◦ in the transverse direction.
S3. Airy beam generator
Fundamentally, for any incident light beam with spatially
varying field distribution, a designer MS can be employed
to tailor the beam field envelopes. Recently, Airy beams
have garnered significant research interests thanks to their
unique properties including self-healing, non-diffracting,
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Figure S4: Representation of optical phased array antenna.
(a) Schematic of a general phased array antenna capable of
controlling beam propagation in free space. (b) The array
factor for 61 super cells as a function of ψ . The profile
around zero is enlarged in the inset. (c) The corresponding
polar patterns for three specific schemes which differ in
terms of number of meta-atoms accommodated in a super
cell. Dots represent the exact splitting angles achieved from
analytical results while reflected beams from the designed
MRA are depicted with lobes. (d) Simulated electric field
intensity of the reflected wave (top) for three distinct cases
investigated in panel (c) and the gate voltage arrangement
required for each scenario (bottom).
and self-bending [77]. In fact, Airy wave packets establish
a particular class of waves accelerating along parabolic
trajectories. They suggest novel opportunities such as three
dimensional super resolution imaging, optical interconnects,
and optical micromanipulation applications [78].The phase
and amplitude distributions for a 1D Airy beam generator
can be described as [79]
φairy(ξ ,s) =Ai
[
s−
(
ξ
2
)2
+ iaξ
]
exp
[
as−
(
aξ 2
2
)
− i
(
ξ 3
12
)
+ i
(
a2ξ
2
)
+ i
(
sξ
2
)]
(11)
where Ai(·) represents the Airy function, s= x/x0 is a dimen-
sionless transverse coordinate in which x0 is the half width
of the main lobe, ξ = z/kx20 is a normalized propagation
distance in which k0 = 2pi/λ is the propagation constant
in free space, and a 1 is a positive parameter to obtain
truncated Airy beam distribution with finite power. Consid-
ering a= 0.05 and x0 = 2.875 µm, the initial field envelope
of 1D Airy beam satisfies φairy(0,s) = Ai(s)exp(as) on the
z=0 plane whose amplitude and phase profiles are illus-
trated in Figures S5(a) and (b), respectively. The envelope
of Airy beam depicts an exponential oscillating behavior
associated with alternating positive maxima and negative
minima; consequently, its phase distribution represents a
periodic segments with 180◦ phase difference. However,
simultaneous realization of ideal phase and amplitude pro-
files is challenging since these two features are interrelated
Copyright line will be provided by the publisher
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Figure S5: Generation of self-healing, non-diffracting and
self-bending Airy beam using reconfigurable MSs. Ideal
(a) absolute value and (b) phase of the amplitude function
of Airy beam φairy(0,s) = Ai(s)exp(as) with a= 0.05 and
x0 = 2.875 µm at the MS interface. (c) Simulated electric
field intensity of the generated Airy beam (inset: self-healing
feature of Airy beam in presence of a square obstacle at the
path of main lobe). Electric field density for the steered Airy
beam satisfying eq. 12 associated with (d) θ = −10◦ and
(e) θ = 10◦. White dashed curve represents the main lobe
path of the Airy beam achieved from analytical formulation.
according to Figure 2. Fortunately, a simplified yet practi-
cal approach is just assuming the field amplitude constant
and only modulate the phase profile along the transverse
direction. Such an accurate approximation stems from the
fact that Airy beam’s exceptional self-healing feature nat-
urally retrieves the field profile along the propagation path
even in the presence of a nonuniform obstacle (see inset of
Figure S5(c)). The simulated field profile of reflected Airy
beam plotted in Figure S5(c) shows clearly its special non-
diffracting and self-bending features. Furthermore, its main
lobe well follows the targeted trajectory obtained from the
analytical formulation shown with white dashed curve. It
is noteworthy that introducing an additional linear compen-
sating phase across the MS enables us to control radiation
pattern of an Airy beam to specific direction. Accordingly,
based on generalized Snell’s law, the total reflection phase
shift can be derived as
ϕreflection(x,θ) = arg(φairy(0,s))− k0sin(θ)x+2npi (12)
where θ is the reflection angle of Airy beam and n is an
integer. Figures S5(d) and (e) illustrate propagation of the
truncated Airy beam with three distinct phase profiles asso-
ciated with different reflection angles, i.e., θ = −10◦ and
10◦ based on eq. 12. Clearly, the simulation results verify
the validity of our design process not only in generating an
Airy beam but also in directing the reflected beam toward a
specific angle.
S4. Beam bender and splitter
Anomalous reflection and spectrum splitting are amongst
most useful functionalities necessary in optical spectroscopy.
By introducing interfacial phase discontinuity on the MSs,
which imprints an additional momentum to the impinging
(b)
z X
Max
|E|
0
(a)
Figure S6: Active beam steering and splitting with wide
angular tunability. Simulated cross-sections of the electric
intensity distributions (near-field snapshot in time) of the
planar (a) beam bender with nominal steering angles of θ =
45◦ (top) and θ = 15◦ (bottom), and (b) beam splitter with
nominal splitting angles of 2θ = 48◦ (top) and 2θ = 70◦
(bottom). The wavelength of incident field is λ = 1550 nm
and the lateral dimension of both structures is D=100p.
light, it would be possible to redirect the light to any ar-
bitrary direction. Considering the y-symmetry in our con-
figuration, the generalized Snell’s law is simplified to [80]
θ = arcsin[
λ
2pi
dφ
dx
] (13)
in which θ is the reflection angle and dφ/dx is the phase
gradient along the x direction which is actually a linear
phase function in our case. Given the anomalous reflection
angle, through an elaborate arrangement of meta-atoms (as
discussed before), a tunable beam bender with the capabil-
ity of switching between different steering angles can be
realized. Figure S6(a) presents the simulated electric field
distribution reflected from the MSs for two optional angles,
i.e., θ = 15◦ and θ = 45◦, which shows a very good agree-
ment with the desired arrow. Furthermore, according to eq.
13, the direction of the reflected wave is determined by the
sign of dφ/dx. Considering two beam benders which their
phase gradients are in opposite signs; a beam splitter can be
formed just by neighboring them. To corroborate the perfor-
mance of such simple technique, the near-field simulations
are presented in Figure S6(b) for a tunable beam splitter
with two arbitrary angles, θ = 48◦ and θ = 70◦. It is no-
table that by addressing the issues already mentioned for the
performance of beam focusing, small differences between
the analytical and simulation results can be resolved here.
Copyright line will be provided by the publisher
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Table S1: Comparison of different types of reconfigurable
metadevices
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METHODS
M1. Solving electromagnetic scattering of
MRA using FEM and FIT methods
The full-wave simulations were carried out in EM solvers
COMSOL Multiphysics (based on the FEM) and validated
in CST Microwave Studio (based on the FIT). The struc-
ture is supposed to be elongated infinitely in y direction,
so periodic boundary condition is applied at x direction
and perfectly match layer absorbing boundaries are applied
in the z direction. The structure is normally illuminated
with a TM-polarized (H-field parallel to the long axis of
stripes) plane wave propagating in z direction, and the re-
flected fields into the above free space are measured. Thick-
ness of the gold nanoribbon, the underlying GST nanos-
tripe, and the silica spacers are 30 nm, 180 nm, 180 nm,
respectively. Moreover, as long as the thickness of gold
substrate is considered greater than the skin depth, the
transmittance will be negligible; therefore, we fix it at 100
nm for all the proposed designs. The period of MRA is
chosen 550 nm which not only ensures the higher diffrac-
tion orders will be well suppressed but also meets reso-
lution limit in fabrication process The dispersive behav-
ior of gold can be approximated through the well-known
Drude model with: εgold(ω) = ε0[ε∞−ωp2(ω2 + iωΓ)−1]
in which ε∞ = 1.53, ωp = 2pi × 2.069 PHz is the plasma
frequency, Γ= 2pi×17.64 THz is the collision frequency, ω
is the angular frequency, and ε0 is the absolute permittivity.
The permittivity of SiO2 is considered as a constant value
(εSiO2 = 2.25) in NIR region. It is worth mentioning that the
dielectric spacer prevents heat diffusion between adjacent
unit cells during conversion process.
M2. Solving heat transfer model of MRA
using FEM method
To investigate the conversion mechanism of GST gap nanos-
tripe in the proposed gate-voltage tunable MRA, COMSOL
Multiphysics software package was used for Joule heating
simulation effect and consequently transient thermal behav-
ior study. To make a simple yet comprehensive model, we
made certain assumptions providing useful qualitative in-
sights for future improvement of the switching speed and
power. A coupled multiphysics model including “Electric
Currents (ec)” module, which is applied to the gold strip in
case of lateral heating and gold strip/back-mirror in case of
vertical heating, and “Heat Transfer in Solid (ht)” module,
incorporating the entire meta-atom, was employed. The gov-
erning transient heat transfer equation is described by [99]
Csρ
∂T
∂ t
+∇.(−k∇.T ) = Qs (14)
where Cs is the specific heat capacity, ρ is density, k is the
thermal conductivity, T is the time- and space-dependent
temperature, and Qs is the heat source per volume. Material
thermal properties used for simulation are summarized in
Table M1. To consider a real practical model, we assume
the structure was attached to a 500 µm silicon substrate.
In the “Electric currents (ec)” physics model all bound-
ary conditions were set to be electrically insulating except
the boundaries attached to the gates. While, a normal con-
stant current density Js = I/A is applied to the input gate,
such that I is the total current applied to the metadevice and
A is the cross section of the gold nanoribbon, the output
gate is electrically ground. In the “Heat Transfer in Solid
(ht)” physics model, we assumed no net heat flux in the
transverse plane meaning that thermal insulation bound-
ary condition can be applied to all side-walls to prevent
inward and outward heat transfer. Also, the top and bot-
tom surfaces were given a heat flux condition with ambient
temperature of T0 = 293.15 K and the heat transfer coeffi-
cient of 5 W/(m2K). To model the heat fluxes and tempera-
ture gradients at the interfaces, thermal boundary resistance
(TBR) is applied at interior boundaries. While TBR for
GST/SiO2 and GST/Au are considered 58 m2k/GW and
5.1 m2k/GW, respectively, for other interior boundaries it
is assumed 25 m2k/GW, which is typical for many systems.
To gain a complete understanding of the electrothermal
process, we investigated the temperature dependency of
the meta-atom on the applied current pulse (see Figure M1).
One can observe that the temperature within GST nanostripe
can be raised rapidly from the crystallization temperature,
Tc = 160◦ C, to the melting temperature, Tm = 600◦ C, by
increasing the pulse intensity, duration, and numbers. Such
temperature variation can be translated to the multistate
crystallization by correlating the simulated temperature data
with the reflectance evolution achieved in the experiments;
as a result, one can calculate the exact power to excite a
specific state of GST nanostripe. Such capability will be cru-
cial for realization of practical reconfigurable nanophotonic
devices. It is noteworthy that increasing the applied current
intensity, which results in localized Joule heating, can sub-
stantially improved the switching behavior of the meta-atom
and consequently the dynamic response of metadevice.
350
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Figure M1: Dependence of GST nanostripe temperature
on the intensity, duration, and number of applied electrical
current pulses. The point of interest is set at the geometrical
center of the GST gap nanostripe.
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Table M1: Thermal properties of materials used in the heat
transfer model [45, 100]
Special heat ca-
pacity
Density Thermal con-
ductivity
Electrical
conductivity
Cs (J/(kg.K)) ρ (kg/m3) k (W/(m.k)) σ (S/m)
Gold 129 19300 182 45.6×106
GST 220 6150 Temperature de-
pendent [100]
Phase dependent
[100]
Silica 741 2200 1 0
Air 1 353/T[K] 0.03 0
Si 700 2328 130 1000
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